The requirements for the composition and/ or shape of any phantom adopted for radiation dosimetry or other radiation measurements derive from the accuracies required. In 1976, the ICRU made the following recommendations for radiotherapy dosimetry: "the available evidence for certain types of tumor points to the need for an accuracy of ± 5% in the delivery of an absorbed dose to a target volume if the eradication of the primary tumor is sought" [ICRU Report 24 (ICRU, 1976) ]. Additional clinical evidence accumulated since then has strengthened this recommendation, which has been taken over by several authors, as well as by national and international organizations (Wambersie et al., 1988) . Mijnheer et al. (1987) proposed for the combined uncertainty (including both types A and B) 2 a requirement of 3.5% (one relative standard deviation) in the absorbed dose delivery to the dose specification point. For the determination of the absorbed dose to other points in the treatment volume, a 5% (one standard deviation) dose accuracy requirement seems more appropriate and realistic.
Any phantom used for radiation dosimetry or other radiation measurements, must fulfil the following requirements:
(i) The geometry of the completed phantom, its internal and external physical dimensions, must conform to those specified, within the limits required by the application. (ii) Tissue substitutes used in the construction of a phantom must have either known elemental compositions and mass densities, or known measured radiation absorption and scattering properties for the type and energy of radiation under consideration. In addition, the tissue substitutes must not introduce errors in absorbed-dose estimations or radiation attenua-2 The uncertainty in the result of a measurement generally consists of several components which may be grouped into two categories, called A and B, respectively, according to the way in which their numerical value is estimated (BIPM, 1981) . Type A uncertainties can be estimated from repeated independent observations and are given as a standard deviation (and the number of degrees of freedom). Type B uncertainties can be given as an effective standard deviation, e.g. , defined as the estimate of the interval which should contain the " true" value in about 70% of the cases. Such estimates are based on an analysis of the measurement procedure and of the influence of quantities that can affect the result. The combined uncertainty is obtained by applying the usual method for the combination of variances and is expressed in the form of one standard deviation.
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tion, greater than those permitted by the application. (iii) Any machined or fabricated cavity for a radiation detector must be at the required, specified depth, within the uncertainty permitted for the planned measurement. The first two requirements listed above ensure that the radiation interactions within the irradiated phantom match, to the required accuracy, those interactions that would occur in a corresponding body section of the same geometry and physical dimensions. Consequently, the radiation absorption and scattering that occur within the irradiated phantom, together with any associated absorbed-dose determination, would be within the required accuracy. These requirements apply to the three functional groups of phantoms (dosimetric, calibration and imaging) and the three types of phantoms (body, standard and reference).
Constraints on the acceptable uncertainties in the physical dimensions of a phantom are strongly dependent on the type of phantom and its function. As the selection requirements of specific applications are discussed in subsequent Sections, the discussion here will be restricted to general requirements.
Dosimetric phantoms, particularly standard phantoms, must have well-defined geometry and physical dimensions within close tolerances. Uncertainties in the depth of the radiation detector may lead to large errors in the measured absorbed doses. Figure 3 .1 Inhomogeneities due to poor dispersion of fillers or unintentional porosity in solid tissue substitutes must not introduce uncertainties in excess of 1 % in radiation transmission or absorbed-dose estimations. Inhomogeneities in solid materials must not be introduced by water absorption or loss or by chemical reactions. Contaminants must be avoided, especially those of high atomic number (Z > 20).
Minimal water loss in phantoms containing aqueous solutions and water-based gels. Liquids and gels must be contained in vessels of adequate wall thickness to avoid leakage. The liquid or gel must not react with the plastic material used for the wall. A suitable bacteriostat (e.g., Sodium Azide) should be used to inhibit fungal growth. Inhomogeneities due to trapped air in phantoms containing liquids must be minimized (e.g., use of degassed liquid, air-traps, etc. shows the depth-dose curves for a selection of photon, electron, neutron and proton beams. Table 3 .1 gives estimates of the changes in depth necessary to produce a given percentage change in depth-dose at a specified depth for the same set of depth-dose curves (Thomson et al., 1990) . For uncertainties in absorbed dose of 1 %, the depth of a radiation detector should be known to within 0.1 mm for 30 kVp x rays at a depth of 1.0 cm. This accuracy may be difficult to attain in practice. These tolerances on depth may be relaxed somewhat for higher energy photons, electrons, neutrons and protons. For example, a 1.4 mm change at 5 cm depth for cobalt-60 radiation produces a 1 % change in depth-dose. Strict machining and fabrication tolerances are mandatory if a radiation detector is to be positioned at a given depth. Verification of such a depth must always be carried out before a dosimetric phantom is first put into use.
transmission is in the range 79.8% to 81.5%, while, for 10.0 ± 1.0 mm, the transmission is 78.9% to 82.4%. This represents an approximate 1 % or 2% change in attenuation for a variation in thickness of 0.5 mm or 1.0 mm, respectively. Closer tolerances may be necessary for thinner attenuators or shallower depths.
In ICRU Report 44 (ICRU, 1989) , it was stated that in an imaging phantom, the threshold visibility of small embedded test pieces depended upon a number of factors. These factors include the shape (sphere, cube, cylinder, etc.) and attenuation properties of the test pieces and the size and attenuation properties of the bulk material in which they are embedded. In imaging phantoms used for evaluating high resolution systems, close tolerances on the physical dimensions of these test pieces is essential.
The general requirements of body, standard and reference phantoms must also be addressed. Calibration phantoms, both inactive and active, must have their external dimensions within strict tolerances, especially if they are being used solely as inactive attenuators. This is particularly important for the measurement of low energy photons. For example, 80.6% of the 60 keV photons for americium-241 are transmitted through 10.0 mm of muscle (skeletal). For a thickness of 10.0 ± 0.5 mm, the Uncertainties in the physical dimensions of realistic body phantoms must take into account both external and internal dimensions. If human bones or complete skeletons are being employed, the use of a skeleton from one ethnic group in a phantom designed to represent a different ethnic group can produce severe dimensional inaccuracies. Manufactur-X rays Depth/cm Depth/cm Fig. 3.1 . Continued. 
3.3--Safety requirement of phantoms

Requirements
All materials (solids, liquids and gels) must be non-carcinogenic and hypo-allergenic (!ARC, 1972 (!ARC, -1984 . 18 Corrosive and volatile products should be avoided. Materials giving off hazardous quantities of toxic gases must be avoided if appropriate safety enclosures are not available. Adequate ventilation must be provided if volatile products have to be used. A phantom that contains liquids and gels must be leak-proof. Sharp edges /corners should be avoided in a solid phantom. Excessive use of silicon grease on the surfaces of a solid phantom to enhance appearance should not affect safe handling. A phantom with a mass of over 10 kg should be provided with the means for moving it safely from place to place (e.g., removable handles, carrying container) and should be placed on strong supports when in use. The incorporation of radioactive material into a calibration or imaging phantom must be strictly controlled by a competent, authorized person. All statutory requirements with regard to surface absorbed-dose rates, surface contamination levels, hazard warning notices, etc. must be observed. All contained radioactivity, whether solid, liquid or gel, must be in a leak-proof container. Extreme care must be exercised in sealing phantoms containing transuranic nuclides (e.g., plutonium-239 in a replicated lung). Fragile, friable products should not be used to contain radioactive materials. Safe, secure storage is essential. The use of double-containment with absorbent packing, during storage, is strongly recommended. The design and construction of phantoms containing radioactivity should readily permit decontamination whenever necessary. Regular safety checks (e.g., surface contamination monitoring) must be undertaken and recorded. All necessary fire precautions must be enforced if flammable products have to be used. ers engaged in the production of batches of identical body phantoms must establish strict quality control checks on the tissue substitutes used, geometry (external and internal) and the dimensions of the completed phantoms.
A standard phantom, by definition, must have a simple, but well-defined geometry. The external crosssection of the phantom is usually larger than the specified radiation beam area, so that a margin of at least 5 cm is present around the primary beam at the measurement depth. Acceptable uncertainties in the external dimensions of the phantom are less stringent than those applied to the depth of the radiation detector.
A reference phantom must also have simple, welldefined geometry. For environmental monitoring, ICRU Report 39 (ICRU, 1985a) specifies that the ambient dose equivalent and the directional dose equivalent are established at recommended depths in a 30 cm diameter sphere (ICRU sphere). A similar approach is adopted for individual monitoring, where the quantity is called personal dose equivalent.
Dimensional tolerances should be stated in a description of any phantom. Differences in excess of these tolerances are cause for rejection.
Accurate thicknesses of bolus in radiotherapy treatments are difficult to achieve in practice, especially with particulate materials. The required accuracy for the bolus thickness is dictated by the shape of the depth-dose curve. For radiation beams with steep absorbed-dose gradients in the build-up region [e.g., 4. 7 Me V electrons ( Fig. 3.1) ], errors of a few millimeters in the thickness of the bolus may introduce errors in excess of 10% in the expected absorbed dose at the surface of the irradiated skin. Excess or lack of bolus will have the opposite effect beyond the peak of the depth-dose curve from that in the build-up region.
Non Radiation-Related Requirements
In addition to their radiation-related properties, phantoms should be physically and chemically suitable for their planned application. Table 3 .2 deals with other requirements and characteristics that must be considered when a suitable phantom is being selected. Reviews of some of the properties mentioned in Table 3 .2 have been provided by White (1974), Constantinou (1978) , White and Constantinou (1982) and in ICRU Report 44 (ICRU, 1989) .
Safety Requirements
All phantoms must be safe to use in normal practice and must not present users with an undue hazard. The safety requirements and characteristics that must be considered for both active and inactive phantoms are listed in Table 3 .3.
